Abstract: Extreme sea storms are dangerous and a potential source of damage. In this study, we examine storm events in the Black Sea and Caspian Sea, the atmosphere circulation patterns associated with the sea storm events, and their changes in the present and future (2046)(2047)(2048)(2049)(2050)(2051)(2052)(2053)(2054)(2055)(2056)(2057)(2058)(2059)(2060)(2061)(2062)(2063)(2064)(2065) climates. A calendar of storms for the present climate is derived from results of wave model SWAN (Simulating WAves Nearshore) experiments. On the basis of this calendar, a catalog of atmospheric sea level pressure (SLP) fields was prepared from the NCEP/NCAR reanalysis dataset for 1961-2000. The SLP fields were subjected to a pattern recognition algorithm which employed empirical orthogonal decomposition followed by cluster analysis. The NCEP/NCAR reanalysis data is used to evaluate the occurring circulation types (CTs) within the ECHAM5-MPI/OM Atmosphere and Ocean Global Circulation Model (AOGCM) for the period 1961-2000. Our analysis shows that the ECHAM5-MPI/OM model is capable of reproducing circulation patterns for the storm events. The occurrence of present and future ECHAM5-MPI/OM CTs is investigated. It is shown that storm CTs are expected to occur noticeably less frequently in the middle of the 21 st century.
Introduction
Many social and economic activities are affected by the variability of sea storms and extreme events. It is well known that the formation and variability of storm waves are strongly influenced by atmospheric circulation patterns.
Climate projection of weather hazards needs their classification.
Classifications in meteorology and climatology have previously been used mainly in weather * E-mail: galina_surkova@mail.ru forecasting [1] . In recent decades, especially after the advance of computers, the use of classifications has widened.
Computer techniques made it possible to develop and routinely apply objective methods based on processing large amounts of data. There are two fundamental approaches to investigate the link between large-scale circulation and environmental variables [2] [3] [4] . The first oneis known as the circulation-to-environment approach [3] and groups the circulation data of interest (e.g. sea level pressure, geopotential height, etc.) into circulation types (CTs) according to a selected methodology (clustering, principal component analysis (PCA), regression, etc.). This highlights relationships between CTs and the local-scale environmental variable (e.g. storm waves). In contrast, the environment-tocirculation approach is based on classification of the circulation data for certain criteria of environmental variable, so that composite maps of the circulation variable can be derived for a specific environmental condition. Both approaches are widely used in various fields of the atmospheric sciences. The circulation-to-environment approach was successfully implemented in the COST733 project (http://cost733.met.no) entitled "The harmonization and application of weather types classifications for European regions".
An extensive review of existing classification methods and those used in COST733 can be found in Huth et al. [1] . Investigation based on the environment-to-circulation approach is used for surface ozone concentration in Central Europe and is discussed in Demuzere et al. [3] . Numerous studies present the results of various regional classifications e.g., [5] [6] [7] [8] .
In this study we use the environment-to-circulation approach for storm events in the Black Sea and Caspian Sea. The Black Sea (together with the Sea of Azov) is located in south-eastern Europe and is the most isolated part of the World Ocean (Figure 1) . Because of the wind activity over the sea, heavy waves develop mostly in the autumn and winter [9] . Depending on the wind speed direction, waves with heights of 1-3 m dominate.
In regions of open sea, the wave height may reach 7 m, and during strong storms it may be even higher. The southwestern and southeastern parts of the sea are the calmest; in these regions, strong winds are rare and wave heights do not usually exceed 3 m even during storms.
The Caspian Sea forms the largest enclosed basin on the planet (Figure 1 ). Storm waves generally develop in the winter and spring from northerly winds. Strong long-term storms are most characteristic of the open areas of the Middle Caspian, where the winds (?) are mostly from the northwest and southeast [10] . Depending on the wind direction storms are observed in different parts of the sea. The largest storm waves are observed around the Apsheron Archipelago duringnortherly storms in the wintertime, where wave height may reach 8 and even 9-10 m during extreme events. Under southeasterly winds, the largest waves develop in the north of the Middle Caspian, in the Makhachkala-Derbent region and off the Mangyshlak Peninsula, where there is a 5% probability that waves will reach 6-7 m. A similar wave height is observed in the open part of the sea at southeasterly storms. Even the strongest easterly winds induce waves that are smaller than 2-3 m. In the North Caspian, wind wave development is restricted by the small sea depths in the region. The wind-wave regimes of the Black and Caspian Seas are poorly studied because there are no regular instrumental observations of waves in the open parts of the seas. The principal characteristics of the waves have been determined using calculations; this is also true of the wave heights cited above. Our investigation addresses this sparsity of data by using the numerical wave model SWAN (Simulating WAves Nearshore) to calculate storm statistics. Storm days are based on a wave height of 4 m or more. For these days, sea level pressure (SLP) fields are used to classify circulation types. The goals of this paper are to: 1) improve our understanding of storm variability in the Southern Russian seas by investigating the atmospheric circulation during these events as defined by classification of circulation types, and 2) to prepare the climate projection of these events. Details of the atmospheric circulation accompanying and forcing a sea storm is very complicated and even non-hydrostatic, meso-scale weather forecast models are not always capable of correctly simulating the wind field during sea storm. However, statistical analysis of long-term observations combined with climate model projections allows the probability of future storms to be calculated.
Data

Storm calendar
A calendar of storm events was derived for the period 1948 -2010 for this study. The numerical storm simulator SWAN (Simulating WAves Nearshore) was used, a thirdgeneration wave model that was developed at Delft University of Technology. It computes random, shortcrested wind-generated waves in coastal regions and inland waters [11, 12] . The model is based on the wave action balance equation (or energy balance in the absence of currents), with sources and sinks. It uses typical formulations for wave growth by wind, wave dissipation by white-capping, and four-wave nonlinear interactions (quadruplets or "quads").
SWAN includes wave propagation processes comprising propagation through geographic space, refraction and shoaling due to spatial variations in bottom and current, diffraction, blocking and reflections by opposing currents and transmission through, blockage by or reflection against obstacles. It also includes processes describing wave generation and dissipation including the following: generation by wind, dissipation by white-capping, dissipation by depthinduced wave breaking, dissipation by bottom friction and wave-wave interactions in both deep and shallow water. Wind forcing data was extracted from NCEP/NCAR reanalysis [13] at the 6-hourly intervals available (0000 UTC, 0600 UTC, 1200 UTC and 1800 UTC). The spatial resolution of the SWAN numerical grid was about 5 km. An overview of numerical simulations is described in [14] .
For our study, days were chosen when modeled wave height was 4 m or more. The threshold of 4 m is based on the state standard for safety in emergencies [15] , which specifies waves of 4 m or more in the coastal zone and 6 m or more in the open sea as hazardous. 137 cases were identified for the Black Sea and 94 for the Caspian Sea between 1948 and 2010. In this paper, days from this calendar will be referred to as storm days or SWAN storm days. Other examples of SWAN implementations for the Russian southern seas are discussed in [16] [17] [18] [19] [20] [21] .
Climate projection
For the climate projection of storm events we used daily SLP fields (0-90
• E, 30-80 • N) generated by the coupled AOGCM of Max Plank Institute ECHAM5/MPI-OM at T63L31 resolution [22] within the framework of CMIP3 project [23] .
ECHAM5/MPI-OM consists of models for the atmosphere (ECHAM5) and the ocean (MPI-OM). In the atmospheric model [22, 24] , vorticity, divergence, temperature and the logarithm of surface pressure are represented by a truncated series of spherical harmonics (triangular truncation at T63). The advection of water vapour, cloud liquid water and cloud ice is treated by a flux-form semiLagrangian scheme. A hybrid sigma/pressure system is used in the vertical direction (31 layers with the top model level at 10 hPa). The model uses state-of-the-art parameterizations for short-wave and long-wave radiation, stratiform clouds, cumulus convection, boundary layer and land surface processes, and gravity wave drag.
The ocean model MPI-OM [25] uses the primitive equations for a hydrostatic Boussinesq fluid with a free surface. It is discretized into 40 vertical layers, and the bottom topography is resolved by means of partial grid cells. The ocean has a nominal (spatial?) resolution of 1.5
• and the poles of the curvilinear grid are shifted to land areas over Greenland and Antarctica. Concentration and thickness of sea ice are calculated by means of a dynamic and thermodynamic sea ice model. In the coupled model [26] , the ocean model passes the sea surface temperature, sea ice concentration, sea ice thickness, snow depth on ice, and ocean surface velocities to the atmospheric model. The atmospheric model runs with these boundary conditions for one coupling time step (one day) and accumulates the forcing fluxes. These fluxes are then transferred to the ocean model. The model does not employ flux adjustments. 
Reanalysis data
To determine daily circulation patterns at a regional scale, daily mean sea level pressure (MSLP) data was used from the NCEP/NCAR reanalysis dataset [13] on a 2 5
• × 2 5
• grid for the European and Western Russia Region (0-90
• N). The data is obtained for the period 1948-2011.
Methods
Our approach of atmospheric circulation classification for storm events relies on the understanding that storm waves are mainly the product of wind speed and direction, which determine the value of the flux of momentum from the atmosphere to the sea. Storm wave parameters also greatly depend on the sea size, its depth, bottom relief, coastline configuration etc. But these factors are not results of atmospheric processes on as short a time-scale as one storm. It is the surface wind that plays the most important role in individual storm forcing.Furthermore, the wind depends on the atmospheric pressure field configuration and the value of the horizontal pressure gradient. Fortunately, the pressure is the most reliable meteorological parameter reproduced by reanalyses and by climate general circulation models, and so a straightforward expansion of the study to model data is possible. MSLP has already been used successfully in previous classification procedures, e.g. [1, 6, 8] .
The goals of our study were the following: to classify SLP grids accompanying storm events (from now on referred to as storm SLP); to extract the main features of circulation patterns for every type; to evaluate the frequency of every type for the modern climate and possible changes in frequency in the future. There are a lot of different ways to describe atmospheric circulation, and this variety is reflected in the number of different sorts of circulation-based classifications. For one of the most detailed descriptions of them we refer to [1] . In our study, circulation types are obtained by cluster analysis ( −means approach, e.g., [31] ) preprocessed by Empirical Orthogonal Function (EOF) analysis, e.g., [32] to reveal few leading modes determining the most part of variance. These techniques of EOF decomposition and k-means cluster analysis, together or in combination with other techniques, are widely used in circulation type classifications, e.g., [2, 7, 8, [33] [34] [35] [36] . For this study, firstly a dataset consisting of 30 daily SLP grids was prepared for every storm from the calendar, including 15 days before and 15 days after each storm day. After EOF decomposition of daily SLP grids, the first three eigenvectors were retained, describing more than 70% of the variability (Figure 2) . Therefore, highfrequency perturbations were filtered out. Henceforth they are referred to as SLP EOF . SLP EOF fields for storm days (according to the storm calendar of the sea) were used as input variables to classify circulation patterns. Definition of circulation types was carried out using the k-means cluster analysis. The −means algorithm starts with a preset number of clusters and then moves objects between clusters with the goal of, first, minimizing the variance within clusters and, second, maximizing the variance between clusters. In this study, cluster centroids (ensemble mean of cluster members) were constructed for each circulation type by averaging the SLP grids of all days that belonged to the same circulation type. The dependence of the assigned SLP field on the sea size was checked for certain (all?each cluster?) clusters: we started from an initial area covering 0-90E, 30-80N, and reduced it gradually until it was comparable with the sea size. It only had a very minor influence on the results. Therefore, we left the area at 0-90 • E, 30-80
• N for centroids construction to gain a full, large-scale synoptic view of the circulation pattern. For the next step, daily SLP data of EHCAM5-MPI/OM model for the period 1960-2000 was sorted based on (?) previously derived circulation patterns. As one of distance measures [1, 37, 38] , space correlation was used between model data and reanalysis SLP fields for days from the storm calendar. To eliminate 'noise' on the boundaries of the rather large initial domain (0-90E, 30-80N) but to save individual features of the SLP field, correlation was estimated for 25-50E, 35-65N for the Black Sea, 30-70E, 30-70N for the Caspian Sea. The spatial scale of the smaller domains is comparable with size of such typical mid-latitude synoptic structures as cyclones and anticyclones governing surface winds and therefore storm waves. Since cluster analysis allowed assigning every case from this calendar to the respective circulation type, a model day when EHCAM5-MPI/OM data was highly correlated with the NCEP/NCAR field for the storm case was rated as a model day with the same CT. The same procedure was also applied to the model data for the period 2046-2065, i.e. the correlation was calculated between daily model SLP and reanalysis SLP fields from the storm calendar. Before this correlation procedure, the model data were interpolated on the reanalysis grid. If the daily SLP field had a correlation coefficient higher than a threshold value, it was assigned to the same CT as the reference reanalysis SLP field from the storm calendar. The threshold for the correlation coefficient r was chosen separately for each sea on the basis of the best agreement of the number of storm cases simulated by ECHAM5-MPI/OM and by SWAN. Usually r was satisfactory when equal to 0.95-0.98.
Results and discussion
Black Sea
Within the variety of the atmospheric circulation governing the climate of the Black Sea, there are two main types of sea level pressure field derived by cluster analysis and associated with SWAN storm days (Figure 3 ).
For the first circulation type CT 1 (57% of events), the trough moves to the Black Sea from the eastern Mediterranean Sea in Anatolia, Western Asia, and often forms an independent local cyclone over the Black Sea. If the centre of the cyclone is located over the southern part of the Black Sea or over Asia Minor, prevailing winds are NE, E and SE. When the horizontal size of the cyclone is comparable with the sea size, the wind directions over the sea are rather complex. At the same time, a vast anticyclone overspreads European Russia and Western Siberia blocking northward movement of the southern cyclone. The second type CT 2 (the other 43% of events) is characterized by a low pressure centre over the northern seas (Barentz or Norwegian). The leading edge of the trough (usually observed in the middle and upper troposphere as well as near the surface) develops quickly and trails southeast rapidly from a northern lowpressure center. When this cold air reaches the Black Sea in winter, a local cyclone may be generated.
These two circulation types are the most effective for the formation of storms. The configuration of the pressure field is such that the high wind flow has the largest distance over the open sea to accelerate and to induce storm waves. In these cases storms cover a large part of the sea. More local storms occur with southern or northern winds or when a fairly small cyclone forms over the sea. This can occur for a CT 1 or CT 2 depending on the source of the instability -a northern or southwestern trough. Storms initiated by these Black Sea cyclones can also be very cruel.
Both observations and modeling in previous studies, e.g., [29, 39, 40] agree that the number of storm events in the Black Sea does not increase by the end of the twentieth century and may even reduce. The same tendency is seen in SWAN results (Figure 4) . Analysis of CT frequency shows that the proportion of the two CTs is redistributed slightly between the periods 1961-1980 and 1981-2000, with the frequency of CT 1 events becoming higher than CT 2 in the latter period.
Storms in the Black Sea occur mainly in NovemberMarch [9] , as is clearly seen from the frequency of storm days revealed by SWAN results ( Figure 5 ). EHACM5-MPI/OM data for storm SLP (SLPEHACM5) are in agreement with the SWAN storm results ( Figure 5 ). Because of some overestimation in the beginning of the year and underestimation in the end, the peak of storm activity is shifted one month later in ECHAM5-MPI/OM compared to the SWAN results. Summer time is quite calm, although some days where storms occurred were reproduced by SWAN (which is in agreement with observations [29] ). EHACM5-MPI/OM does not show the occurrence of storms in the summer, and [28] shows that ≥ 0 95 and ≥ 0 98. Previous investigation [39] showed that ≥ 0 95 is enough for ECHAM5-MPI/OM and reanalysis results to have good agreement in the number of days with wind speed of 15 m/s and more, which is considered to be the threshold for storm-wave development in the Black Sea and Caspian Sea [9, 10, 29, 30] . The second value ≥ 0 98 is chosen because with this correlation the number of storm days reproduced by ECHAM5-MPI/OM is the same as that given by the SWAN model. The latter r is therefore the preferred one. However, the threshold for storm wave height is fixed at H = 4 m, and days with H slightly less than 4 m were not taken into account.
As Figure 6 and Figure 7 show, ECHAM5-MPI/OM To analyze possible changes in storm SLP frequency in the future, we used ECHAM5 results from modeling the A2 SRES emission scenario [27] , the most negative variant of human impact to the climate including high greenhouse gas emissions, non-effective land use, fast population growth etc. SRES A2 scenario has the highest temperature increase by the end of the 21 st century, about 3.5
• Ðą [41] . According to the ECHAM5-MPI/OM results, projected mean global temperature will increase by about 1.5
• C by 2050 and by 4
• C by 2100 relative to 1980-1999 [41] . Black Sea will be strongly reduced by the middle of the 21 st century, and so the tendency of the previous decades will continue. If mid-latitude cyclone storm tracks move northwards. According to an IPCC report [39] , the multimodel ensemble mean SLP projection shows SLP increase over the Mediterranean Sea and Black Sea, especially between December and February. This may explain why storm activity is projected to weaken in our results.
Caspian Sea
There are several classifications of storm synoptic situations for the Caspian Sea. All of them are based on careful visual analysis of daily SLP from (?) AT500 and other maps. There are three dominating synoptic situations generating storms in this sea, as described in the most comprehensive handbook on the Caspian Sea which integrates all previous studies of the Caspian [30] .
Two of the situations are connected with anticyclone ridges from Azor maximum or from the northern seas. The third one, characterized by high cyclonic activity over the sea, is not observed as often and results in local storms. Three circulation types resulted from cluster analysis and were associated with SWAN storm days as shown in Figure 8 . The first and second types are in good agreement with the results of the subjective methods described above and illustrate the influence of anticyclonic ridges from the north and from Azor maximum. The third CT reflects the role of Caspian cyclones.
The frequency of different circulation types differs noticeably between 1961-1980 and 1981-2000 (Figure 9 ). The frequency of the first type decreases by the end of the 20 th century when the proportions of CT 2 and CT 3 grow. This may be caused by the observed warming of central Russia, reduction of Arctic cold waves and changes in the pressure field, corresponding to a negative tendency over European Russia and Western Siberia and a positive trend over most of Europe, the Black Sea and Caspian Sea, especially in winter time [41] .
Reproducing annual patterns of storm SLP occurrence, ECHAM5-MPI/OM model is less accurate for the Caspian Sea than for the Black Sea (Figure 10 Figure 10 ). They could be characterized as a return to the regime of 1961-1980, involving an increase in CT 2 occurrences and a decrease in CT 1 occurrences. The lack of the third circulation type in projected SLP fields can be explained by the results of climate modeling mentioned above [41] , where a pressure increase is expected over the Caspian sea and surroundings. 
Conclusion
This is the first study of the Black and Caspian Seas where atmospheric circulation pattern classification derived through statistical analysis of SLP fields is developed for storm events. The occurrence of circulation types is investigated for the present climate on the basis of NCEP/NCAR reanalysis and wave model SWAN modeling. It is shown, in agreement with previous studies, that by the end of the 20th century the storm activity had decreased in both the Black and Caspian Seas. It was found that the frequency of circulation types was redistributed in 1981-2000 compared to 1961-1980. The circulation types for a 40-year control run of the ECHAM5-MPI/OM CGCM for the Black Sea and Caspian Sea are evaluated using the NCEP/NCAR reanalysis database. In general, ECHAM5-MPI/OM appears to be able to reproduce the main features in frequencies of circulation types although there are some differences with SWAN results. Analysis of potential future changes of circulation patterns is carried out for ECHAM5-MPI/OM climate scenario A2. Both for the Black and Caspian Seas, a noticeable decrease of storm SLP frequency is expected. The approach suggested here could provide a rather simple methodology to detect changes and differences in circulation patterns for hazardous weather phenomena. It could also be used as an appropriate tool for CGCM evaluation.
